Abstract. Worldwide, the need for structural retrofit is on the rise and the use of Fibre Reinforced Polymer (FRP) composite material systems is becoming an accepted method for repairs, rehabilitations, and strengthening of deficient structures. The great qualities of the FRP materials, certified in the laboratories and confirmed in the fields have all contributed to propel the material as a very promising one, though more works need to be done to certify the fatigue resistance and durability criteria. This research looked at the experimental investigations of Reinforced Concrete (RC) beams strengthened flexurally with externally-epoxy bonded FRP laminates under four point cyclic loads. Dynamic tests are used to assess damages in the FRP-strengthened RC beams under cyclic loads.6 RC beams of 150 x 200 mm cross-section and length of 2.20m and were reinforced with four 12mm ribbed longitudinal steel bars. Three types of FRP laminates made of high modulus carbon fibre, high strength carbon fibre and glass fibre were adopted. The results confirm that dynamic-based method is an efficient way of assessing damage evolution in RC beams strengthened with FRP laminates under cyclic loads. The results offered a criterion that can be adopted for quick assessment of the efficiency of FRP composite systems before applying them to civil applications.
Introduction
Universal, the necessity for structural strengthening is on the increase and the use of Fibre Reinforced Polymer (FRP) composite material systems has become an accepted method for repairs, rehabilitations, and retrofit of deficient structures. As the need to renovate aging infrastructures and historic buildings with lighter and environmentally friendly materials becomes increasingly evident in the advanced world, the application is beginning to gain ground in the less developed nations as the outstanding qualities of FRP composites becomes more evident to the world. For instance, in Nigeria, researchers are beginning to recommend the use of FRP composites as means of strengthening deficient structures and thereby reducing the high incidence of building collapse.
The necessity for rehabilitation in the built industry arises from deterioration/aging of structures, adaptation of existing structures to new design standards, mistakes in design/construction, accidental overloading, and change in the functionality requirements of the structure. Based on the amount of capital invested in building many structures, it is often uneconomical to simply replace them with new ones without considering the available options of strengthening and restoration [1, 2] . For safety reasons, the adoption of FRP composites for strengthening of weak structures will save a lot of lives in building collapse prone nations like Nigeria where thousands of lives have been lost in the last couple of years. These collapses are often caused by deterioration due to poor maintenance culture, design/construction mistakes, widespread overloading, and unauthorised change of use of structures.
The Fibre Reinforced Polymer (FRP) composites' growing popularity is due to their superior material properties such as corrosion and weather resistance, high mechanical strength and low weight, ease of handling and versatility of size, shape or quality. Unlike most of the conventional building materials, the FRP composites can be specifically designed by blending the best combination of material properties in response to specific necessities. As the costs of FRP composite materials and installation has decreased drastically worldwide, in addition to the numerous advantages when compared directly with the other methods of structural rehabilitation available to repair concrete structures such as section enlargement, external post-tensioning, and steel plate bonding, FRP is becoming increasingly acceptable in the civil built environment.
General overviews on FRP for strengthening purposes can be found in numerous works [3] [4] [5] . The great qualities of the FRP materials, certified in the laboratories and confirmed in the fields have all contributed in propelling the material as very promising material, though more works need to be done to attest the fatigue resistance and durability.
Damage detection is an important application of structural system identification, which has taken an increased importance in aerospace and civil applications over the last several decades because of the ever-increasing awareness for safety all over the world. Brilliant reviews of dynamic-based damage detection procedures can be found in the works of [6] . Various works on dynamics-based structural damage assessment of FRP strengthened beams can be found in [7] [8] [9] .
One of the most dangerous mode of accumulation of structural damages is fatigue. Fatigue damages propagates under repeated load applications until sudden failure occurs at a stress below the ultimate and often the yield stress. It has been found that FRP composites exhibit fatigue damage in the form of diffused areas of fibre breakage and matrix cracking [10, 11] . Within these diffused regions, local reduction of the elastic modulus take place. This reduces load transfer.
For these reasons, this research will be looking at the experimental investigations of RC beams strengthened flexurally with externally-epoxy bonded FRP under four point cyclic loads. Dynamic tests are used to assess damages progression in the FRP-strengthened RC beams under cyclic loads.
Material and Methods
This experimental research aims at using dynamic-based non-destructive test (NDT) to assess the performance of reinforced concrete beams strengthened with different types of Fibre Reinforced Polymer (FRP) laminates under cyclic load. All the tested 6 RC beams had a 150 x 200 mm crosssection and a length of 2.20m and were reinforced with four 12mm ribbed longitudinal steel bars. The mechanical properties of the FRP laminate systems were obtained in accordance with ASTM 3039 D & M while those of the concrete and steel were obtained according to the Euro code. Three types of unidirectional FRP laminates were adopted for strengthening the RC beams. The FRP laminates were made of high modulus carbon fibre, high strength carbon fibre and glass fibre. Single and double layers of carbon fibre laminates and a single layer of the glass fibre laminate were epoxy-bonded to the tension surfaces of the RC beams.
To assess the strength deterioration and the behaviour of the FRP-concrete interface the strengthened beams under fatigue loads, cyclic loadings at a fixed displacement range were performed. Non-destructive (dynamic) tests were implemented to monitor changes of the beams' strength after each cycle of loadings. An un-strengthened reinforce concrete beam and 5 FRP strengthened RC beam were tested. Four different damage scenarios corresponding to first crack due to static loading and then 30000 cycles, 100000 cycles and 300000 cycles of loading were obtained. Four-point loads were applied to the beams to induce the damage scenarios. After each loading, a dynamic test was performed. Three accelerometers placed respectively at the mid-span, at one fourth of the beam's length and in a casual position (65cm from the left support) were used to collect the dynamic signals while DYTRAN 3100A accelerometer and a National Instruments acquisition card were adopted.
An Instron 3411 actuator was adopted at a velocity of 0.5mm/min. An MTS 407 controller and Messprozessor signal processor were equally used as shown in Fig. 1 .
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Figure 1: Four-point cyclic loading
Results
The result of the experimental programs aimed at using dynamic-based non-destructive test (NDT) to assess the performance of reinforced concrete beams strengthened with different types of Fibre Reinforced Polymer (FRP) laminates under cyclic loads is presented.Table1 shows the frequencies obtained from the modal tests for the plated and un-plated beams under cyclic loads. The frequency degradation as the damages increase and the slight recovery after strengthening can be clearly seen. Fig. 2 shows the variation the peaks of the first frequencies for the un-plated and plated beams, respectively under different cyclic loadings. As the fatigue damages increase under increased cyclic loadings, the new peaks retreat behind that of the virgin un-damaged state. 
Conclusion
This PhD research work showed dynamic-based damage assessment method used to monitor damage evolution on externally-epoxy bonded-FRP system used to strengthen RC beams. Cyclic tests were used to induce fatigue damages on virgin and FRP strengthened beams. Dynamic tests were used to assess the stiffness degradation and recovery in the various damage scenario. This experimental research used dynamic-based NDT method to verify initial stiffness degradation for the RC beams, then followed the stiffness recovery after FRP laminates strengthening and finally the strength dilapidation due to repetitive loads. The results confirm that dynamic-based method is an efficient way of assessing stiffness degradation and recovery in RC beams strengthened with FRP laminates under cyclic loads. The results offer a criterion that can be adopted for quick assessment of the efficiency of FRP composite systems before applying them to civil applications.
